*This research was supported by the Deutsche Forschungsge-

meinschaft as part of the Special Research Project 501.

 A
       B S T R A C T

 Reusing approved components is an attractive

 approach for the customization of runtime plat-

 forms in an economically sensible manner. How-

 ever, the successful transition from particular

 requirements to a suitable architecture including

 appropriate components heavily relies on the

 expertise of the system designers. In this paper,

 we propose an architecture-driven approach to

 support runtim e platform developers  i n the com-

 position of customized platforms. Central to this

 approach is the explicit consideration of architec-

 tural aspects on an intermediate level of descrip-

 tion. At this level, the appropriate matching of

 requirements against properties of available com-

 ponents is controlled by formalized architectural

 knowledge. W ith SDL patterns and design spaces

 we present two techniques for performing this

 mapping process .

 I
    N T R O D U C T I O N

 The development of today´s large-scale distrib-

 uted applications is highly dependent on the pro-

 vision of adequately customized runtime

 platforms. The construction of these platforms

 requires a significant development effort. Compo-

 nent-based softw are technology can offer a

 n oticeable improvement in this respect: reusing

 successfully deployed ˘possibly generic˘ compo-

 nents from earlier software projects promises to

 yield better, e.g. more robust, error-free, and reli-

 able systems in less time. A clear indication is the

 t rend towards distributed object busses [16],  or

 towards component-based and object-oriented

 operating systems [5] , [6],[8] .

 The main difficulties of component technology

 are finding the right components for reuse, and

 adapting the components to the envisioned system
or vice versa. T hese problems are often only

solved in an ad hoc manner. Co mponent descrip-

tions typically f ormalize functional properties

only , making the search for r ight components

h eavily dependent o n implicit knowledge and

long-time experience.  Furthermore, components

are often viewed as separate entities, at best denot-

ing i nterface constraints concerning needed com-

panion components .  Without a given component

infrastructure or appropriate composition rules,

successful system composition once again relies

on the d eveloper ´s experience.

The problem is further worsen e d by the fact that

most non-functional requirements on a runtime

platform can n ot be met by individual components

but only by the system as a whole. To this end, the

system´s structure has to be designed to address

aspects such as security, reliability, concurrency

control, multimedia support, and scalability. Con-

cerning operating system services, particular

demands for efficiency and reliability make such

structural decisions especially delicate. The

aspects of system structure ˘or in a more compre-

hensive sense: the system´s architecture˘ t here-

fore has to be seen as a key issue for the

realization of effective and efficient runtime plat-

forms.  It can neither be handled implicit nor can it

be treated s eparate from component selection,

customization, and composition. The envisioned

architecture of the runtime platform has to be the

driving force in the development process.

As a consequence, components have to be viewed

in their architectural context , i.e. the set of archi-

tectural decisions and assumptions under which

they were built. Component descriptions have to

put emphasis on f ormalizing non-functional and

especially structural aspects  of the component´s

i ntended environment. Such component descrip-

tions can then be combined with techniques for

capturing design experience. By these means, the

mapping of architectural constraints to appropriate

                                      Driving the Composition of Runtime Platforms

                                                                                     by Architectural Knowledge

*

                                        Lothar Baum

                                                                                    1
                                                                                       , Martin Becker

1
, Lars Geyer

1
, Georg Molter

1
, Peter Sturm

2

                         1
                            System Software Research Group

                                   University of Kaiserslautern

                         D-67653 Kaiserslautern, Germany

    {lbaum,mbecker,geyer,molter}@informatik.uni-kl.de

2
System Software and Distributed Systems

University of Trier

D-54286 Trier, Germany

sturm@informatik.uni-trier.de
components can be supported and even partially

automated by tools.

The next section will discuss the term architecture

in more detail and will point out the importance of

a rchitecture for a system´s non-functional proper-

ties. It is followed by a general presentation of our

architecture-driven approach in section three and

a more detailed discussion of two techniques to

perform the mapping of architectural require-

ments to reusable components in section four. A

look at further work and our plans for experi-

ments quantifying the effect of an architecture-

driven approach conclude the paper.

T
      H E

                R
                       O L E

                                       O F

                                                  S
                                                       O F T W A R E

                                                                                           A
                                                                                                  R C H I T E C T U R E

I N

        C
                O M P O N E N T

                                                        T
                                                              E C H N O L O G Y

Especially in c omponent-based software develop-

ment it is tempting to view a software system as a

set of individual and exchang e able components.

In the case of common component infrastructures

such as CORBA [16], this view might even seem

to be correct to a certain extent. However, there

are a lot of system properties that do not result

from the presence o r a bsence of specific compo-

nents. Especially non-functional system proper-

ties are rather the effect o f the overall system

structure ˘ or to speak in terms of object busses:

depending on the c omponent infrastructure itself.

In order to meet requirements such as fault-toler-

ance or high availability, e.g .  the complete system

has to be designed so that no module forms a sin-

gle point of failure, that critical modules are repli-

cated, and appropriate voting mechanisms assure

correct results. For a runtime platform to meet

tight real-time constraints, not only the right

scheduling component has to be chosen, but other

aspects such as the type of inter-process commu-

nication  ( IPC), the number of allowed processes,

or appropriate buffer sizes have to be considered.

All the aspects mentioned  are facets of the sys-

tem´s architecture. In this sense, so ftware archi-

tecture can be characterized as an abstraction of

various relevant properties of a software system

[2] . An architecture comprises a set of views  o n

different system characteristics such as structure,

communication protocols, or component seman-

tics. Each of the different views emphasizes spe-

cific aspects of the entire system, abstracting from

details irrelevant for the particular p urpose. For

example, structural view s omit the algorithmic

design of the system. Conversely, descriptions of

the semantics of subsystems or components

abstract from structural aspects. All these views

are set in relation to each other so that their inter-

play is made explicit.

An underlying and integral part of an architecture

is the rationale behind t he different architectural

aspects. The rationale captures the motivation for

the choice of style, elements, and form [18].  For

example, the criteria  f or the decomposition of the

overall functionality into subsystems are p art of

the architecture just as the decomposition itself is.

Furthermore, the architecture serves as a guide-

line for the assignment o f non-functional system

properties to s pecific components, as far as this is

possible. In cases where such an assignment can-

not sensibly be made,  the architecture itself is the

carrier of the respective non-functional property ˘

as in the above examples of fault-tolerance or

time constraints.

Consequently,  so ftware architecture is a  pervasive

a spect of software development. In current prac-

tice, however, it i s  unfortunately too  often

involved just implic it ly, e.g. by using a specific

type of black-box component infrastructure. As a

result, i mportant non-functional requirements

have to be considered on an informal basis only,

e.g. by exploiting the expertise of experienced

developers. This approach is insufficient for vari-

ous reasons [4] , [6] . By making software architec-

ture an explicit and central aspect of software

development, d esign decisions can be traced more

easily a nd  t he development process can be sup-

ported by a ppropriate tools.

W e therefore propose a n architecture-driven,

component-based approach  for the development

of customized runtime platforms . It combines the

benefits of component reuse with an explicit con-

sideration of architectural aspects. Th e envisioned

architecture of the runtime platform can serve as

t he central element for controlling component

selection, customization, and composition.

I
N T E G R A T I O N

O F

 A
R C H I T E C T U R E

-D
R I V E N

A N D

 C
O M P O S I T I O N A L

 A
P P R O A C H E S

In order to explicitly consider structural aspects,

ou r approach starts with descriptions of the envi-

sioned runtime platform, reflecting architectural

requirements on the platform. This may concern

the architectural style  to be used , a decomposition

strategy,  the types of needed components, com-

munication mechanisms, interfaces, or protocols.

As for notation, known and preferably semi-for-

mal or formal techniques such as different types

of ADLs [10] , [15] and I DLs [17] a re used.

The architectural requirements are derived from

the application´s properties and the overall

requirements on the platform. Relevant applica-

tion properties in this context are, e.g., the appli-
cation´s degree of parallelism, the coupling

between application components, their communi-

cation frequency and synchronization require-

ments, or time and memory constraints. Such

properties typically influence the overall platform

architecture and are not supported by single com-

ponents.

The derivation o f appropriate architectural

requirements concerning the runtime platform is

part of the conventional design process. As such it

i s basically a  creative and manual activity. How-

ever, it can be supported, e.g., by checklists com-

bined with know n architectural patterns. In such a

way, e xperience with similar projects can be used

to direct the derivation o f architectural require-

ments towards a set of approved runtime platform

architectures. Such approved architectures will to

a certain degree provide guaranties for meeting

important non-functional requirements.

C omplementary to this information about the

required system structure, there is information

associated with each of the available components

describing its respective architectural context.

Components in this sense are not developed

stand-alone, but they are designed for a specific

type of runtime platform or a set of somewhat

similar types of  p latforms. A description of con-

straints concerning this e nvironment a component

was designed for is incorporated in the compo-

nent description. This concerns, e.g., the compo-

nent´s structural embedding together with

dependent components, interfaces and protocols,

the component´s semantics, and its role i n the

overall system. Favorably, the  chosen description

t echniques should be c ompatible to those used for

stating the architectural requirements. This allows

for m atching the descriptions without informal or

implicit knowledge  that would otherwise be nec-

essary if notations have to be transformed manu-

ally.

Based on these two kinds of information, those

components can be selected that fit well into the

system under development with respect to its pro-

spective architecture. Ideally, the envisioned

overall system architecture resulting from the

architectural requirements matches well against a

know n architecture. This dramatically eases t he

selection of components and especially their inte-

gration .  In the more general case,  the architectural

properties of the runtime platform can be matched

against the descriptions of the components in the

reuse pool (cf. figure 1). This extends common

practice, where this matching is performed o n the

basis of required functionality only ,  and the nec-

essary experience which structures are favorable

is not part of the model.

I n the subsequent section, we present in more

detail two techniques for an architecture-based

mapping from requirements to components. The

starting-point for both approaches is a set of run-

time platform requirements obtained by an analy-

sis of the application.

T
E C H N I Q U E S

F O R

 C
A P T U R I N G

A
R C H I T E C T U R A L

 K
N O W L E D G E

The first approach is based on using SDL to state

the d esign and thereby specific architectural

facets o f the envisioned runtime platform. SDL

[12]  is a widely accepted specification and design

language and the technique of choice especially

for describing s tructural and functional require-

ments. In our context, an SDL description i s used

as the intermediate step between architectural

r equirements and the specification of individual

components ( cf. figure 2). Along such a design

of the runtime platform, required types of func-

tionality such as a scheduler, a file system, and a

memory manager can be identified. The design

will furthermore exhibit t he relationships between

the modules, e.g. concerning communication

protocols or interfaces needed.

Together with the component descriptions we

provide  a special type of p atterns [9]  to describe

approved design solutions meeting specific

requirements. The problem contexts of these so-

called SD L patterns  are given as S DL fragments.

The solution part then provides a more detailed

specification or even a working implementation.

Since patterns in general promise the highest

benefit if the environment they are applied in is

pattern-aware, the runtime platforms have to be

designed within the vocabulary of our patterns.

required

architectural

properties

architectural

properties of

components
component

selection and

specialization
runtime

platform
requirements

components

Fig. 1: Architecture-driven composition of runtime plat-

forms . Dotted lines indicate the conventional flow

of information, now extended by the architectural

descriptions.

However, because of a common agreement on

typical abstractions, functionality, and runtime

platform designs, the deployment of patterns  is a

promising approach to reusing architectural solu-

tion elements. S DL patterns have already been

applied successfully to communication protocols

[11], and ex tending their deployment to the

realm of runtime platform architectures has

shown c omparable e ffects .

The patterns are used to refine the design of the

runtime platform: the coarse grained design

resulting from the requirements analysis is

scanned for elements matching the problem

context of a pattern. The solutions provided by

the patterns can generally be manifold: a more

detailed system design expressed in an ADL, a set

of concrete components, or a more detailed SDL

specification for parts of the runtime platform .

T ypically, the patterns will identify a concrete set

of components ,  thus bridging the gap between

requirements and the reuse pool. As a n example,

consider the requirement of reliability for a file

service. The SDL design of the runtime platform

could reflect this requirement by specifying a file

service block type that is instantiated n times. The

matching SDL pattern would then provide a

number of file service components together with

a tailored voter component appropriately inter-

acting with the replicated services. Decisions

about the number of components or the type of

the voter can, e.g., be based on specially qualified

SDL names . F or the time being, pattern matching

is done manually, but semi-automatic support for

matching SDL fragments is possible at least for a

subset of our patterns.

In our second approach, we deploy the concept of

design spaces  as originally presented in [13] , [14]

and extended in [3] . Design spaces provide a
uniform, semi-formal way for describing and

classifying both requirements to and properties

of software artefacts. A design space is spanned

by a set of dimensions  which identify relevant

criteria for characterizing systems. Those dimen-

sions referring to requirements or properties

concerning a software artefact´s functionality

span the so-called r equirements space  o f the

overall design space. The remaining dimensions

describe architectural or structural properties; the

sub-space spanned by these dimensions is there-

fore called the structural space . D imensions are

typically not independent from each other. To this

end, relationships between the dimensions ˘so-

called correlations ˘ can be used to express favor-

able or unfavorable combinations of choices.

The demands concerning specific classes of

services a re stated by characterizations along the

d esign space s for those services . A scheduler

could be characterized, e.g., along the dimensions

of scheduling discipline, real-time capabilities,

latencies, and maximum number of threads. In

such a way, a d esign space not only provides a

technique for capturing requirements, but also

supplies a guideline for identifying important

issues to be addressed during requirements speci-

fication and system design.  C orrelations within

the requirements sub-space c an  then b e used for

checking consistency constraints in the require-

ments .

Just the way SDL is applied in our first approach,

now the design space notation is used as a

common vocabulary for requirements description

and components specification alike. D esign

spaces can  s upport the matching between require-

ments and components on several levels.  Descrip-

tions concerning functional r equirements  c an be

directly matched against the descriptions of avail-

able components. Again co nsidering the example

of the reliable file service , t he design space of file

services could have a dimension characterizing

optimization criteria. A s election in this dimen-

sion might d enote an optimization for small files.

A comparison of the requirements sub-s pace

profiles o f requirements and available file service

components then easily identifies those compo-

nents optimized for small files. This matching can

of course be extended to the structural sub-

spaces allowing to compare non-functional and

architectural requirements and properties. Corre-

lations within the structural sub-space express

favorable and unfavorable combinations of

design decisions, thereby giving hints about

which components can sensibly combined.

Furthermore,  c o rrelations between  r equirements

dimensions and  s tructural dimensions can be

                        required architectural

                                       properties

                                                                                                                       com ponent

                                                                                                                    selection and

                                                                                                                   specialization

                       architectural properties

                                 of components

Fig. 2: SDL patterns and design spaces f or matching requi-

                       rements with component descriptions.

                                                         DS description

            SDL design

                                                         DS description

                                                           and DS rules

     problem context

               solution
interpreted as design rules providing guidance

for the mapping between requirements and struc-

tural design decisions. Applying these rules to a

given requirements profile results in a design

space characterization, which can be matched

against the characterizations of the components.

If the reliable file service, e.g., would be required

to deploy caching techniques, design space corre-

lations could state a favorable combination of this

caching feature with a certain type of memory

management. Applying such a design rule would

result in additionally selecting an appropriate

memory manager offering special support for a

caching file service.

In order to  s upport this matching process, we

have developed a prototype tool to model design

spaces and especially to give graphical support in

the evaluation of design space correlations.

The two approaches of SDL patterns and design

spaces focus on separate aspects of the system

under development. The pattern approach

addresses aspects easily expressed in SDL,

namely structure and functionality. Especially

non-functional aspects can i n turn better be

expressed w ith design spaces. Typically, distinct

aspects will either be handled by patterns or

design space descriptions. The approaches can

therefore both be deployed extending on each

other.  I t is also possible to extract a d esign space

description  f rom a n existing S DL design if appro-

priate patterns are not available or can n ot be

applied sensibly. To support this ,  we have devel-

oped a tool for evaluating SDL specifications. It

is able to determine certain key properties of the

system under development such as the degree of

parallelism, types of used IPC, or postulates of

memory usage. This information may then be

used as input for the system´s design space classi-

fication, thus allowing to apply our second

approach .

C
      O N C L U S I O N

                                                A N D

                                                                F
                                                                      U R T H E R

                                                                                                   W
                                                                                                             O R K

Directly matching the required functionality

against the descriptions of available components

is neither easy nor sufficient. We therefore pro-

pose to match architectural information derived

from the runtime platform requirements against

the architectural context of available components.

Introducing such an intermediate step bears

important advantages. Traceability and repeat-

ability of d evelopment steps a re increased,

because the critical and creative decisions are

concentrated in few places. By using semi-formal

description techniques, a significant part of this

process can be supported by tools. Design deci-

sions are explicitly documented, which facilitates
their reuse as well as the understanding and main-

tenance of the developed system .

Our w ork is embedded in a special research

project bringing together researchers from areas

such as operating systems, software engineering,

formal methods, and databases. Experience in this

project shows that both SDL patterns and design

spaces can already give substantial support when

used manually. The development of the afore-

mentioned tools has been c ompleted and we are

planning to perform further experiments to quan-

tify their effect on the overall composition pro-

cess. We are also heading towards a further

refinement of the presented concepts ˘for exam-

ple  by e xtending the pool of patterns˘ and espe-

cially towards the i ntegration of the concepts i nto

a comprehensive p rocess model. An interesting

question in this context is, e.g., how the technique

of evaluating SDL designs can also be applied to

derive requirements to the runtime platform

directly from early application designs .

L
I T E R A T U R E

[1] Allen, R.; Garlan, D.: Formalizing Architectural

Connection , P roc. 16th. Int´l Conf. on S oftware

Engineering, IEEE Computer Soc. Press, Los

Alamitos, Calif., 1994

[2] Bass, L.; Clements, P .; Kazman, R.: Software

Architecture in Practice , Addison-W esley, 1997

[3] B aum, L.; Geyer, L.; Molter, G.; Rothkugel, S.;

Sturm, P.: Architecture-Centric Software

Development Based On Extended Design Spaces ,

Proc. 2nd A RES Workshop (Esprit IV 20477),

February ’98, Las Palmas

[4] Biggerstaff, T.: The Library Scaling Problem and

the Limits of Concrete Component Reuse , IEEE

Int´l Conference on Software Reuse, Nov. 1994

[5] Campbell, R.; Hine, J.; Russo, V.: Choices for

mission critical computing , Studies in Computer

and Communication Systems, IO S Press, Amster-

dam, 1992

[6] Castelli, G .; Ragazzini, G.: EOS: A Real-T ime

Operating System  Adapts to Application Architec-

tures , IEEE Micro, Vol. 15, No. 5, O ct. 1995

[7] D oublait, S.: Standard Reuse Practices: Many

Myths vs. a Reality , Standard V iew, ACM Per-

spectives on Standardization, Vol. 5, No.2, June

199 7

[8] Ford, B.; Back, G.; Benson, G.; Lepreau, J.; Lin,

A.; S hivers, O.: The Flux OSKit: A Substrate for

Kernel and Language Research , Proc. of 16th

ACM Symp. on Operating Systems Principles,

Saint-M alo, Oct. 1997

[9] Gamma, E. et. al.: Design Pattern: Elements of

Reusable Object-O riented D esign , Addison-Wes-

ley, Reading, Mass., 1994

[10] G arlan, D.; Monroe, R.T.; Wile, D.: ACME: An

              Architecture Description and Interchange Lan-

              guage , Technical Report, Carnegie Mellon Univ.,

              P ittsburgh, 1996

[11] G eppert, B.; Gotzhein, R.; Rößler, F.: Configu-

              ring Communication Protocols Using SDL Pat-

              terns , Proc. of the 8th SDL Forum, SDL‘97,

              P aris/Evry, France, Sep. 1997

[12] ITU-T: CCITT  Specification and Description

              L anguage  (SD L), Z.100, 1994

[13] Lane, T.G.: Guidance for User-Interface Archi-

              tectures , in: Garlan, D.; Shaw, M.: Software

              A rchitecture ˘ Perspectives on an Emerging

              D iscipline, Prentice Hall, New  Jersey, 1996

[14] Lane, T.G.: Studying Software Architecture

              T hrough Design Spaces and Rules , Technical

              Report CMU/SEI-90-TR-18, Carnegie Mellon

              U niv., 1990

[15] Luckham, D.C. et al: Specification and Analysis

of System Architecture using Rapide , IEEE Trans.

on Softw are Engineering, Apr. 1995

[16] Object M anagement Group: The Comm on Object

Request Brocker: Architecture and Specification

(CORBA) , OMG / Framingham, M.A., Rev. 1.3,

Dec. 1993

[17] Object Management Group: OMG IDL Syntax

and Semantics , OMG TC Document 97-05-03,

May 1997

[18] Perry, D.E.; Wolf, A.L.: Foundations for the

Study of Software Architecture , A CM SIGSOFT

Software Engineering Notes, Vol. 17 No. 4, Oct.

1992